Serotonin (5-HT) and other contractile agonists stimulate Na+-H+ exchange in vascular smooth muscle. Since intracellular alkalinization, per se, stimulates contraction, we tested whether 5-HT-induced contraction was associated with an increased pHi. In HC03-free buffer (pH. 7.4), 5-HT (10-5 M) increased pH;, as measured by 2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein fluorescence, from 7.10±0.03 to 7.34±0.03 (p<0.01) in primary cultures of canine femoral artery vascular smooth muscle cells grown to confluence in the presence of 10%o fetal calf serum. In HCO3-buffer (24 mM, pHO 7.4), resting pH1 was 7.26+0.04 (p<0.01 versus HCO3 -free buffer) but was not altered by 5-HT. In both types of buffer, 5-HT stimulated 5-(N-ethyl-N-isopropyl)amiloride-sensitive 22Na' uptake (Na+-H+ exchange). In HC03-buffer and in Na+-and HC03--free buffer, 5-HT increased 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid-sensitive 36Cl-uptake, suggesting that 5-HT stimulated Na+-independent Cl-HC03-and Cl--Cl-exchange activities, respectively. Individual vascular smooth muscle cells were then cultured on rat tail tendon collagen gels in the presence of 0.5% fetal calf serum, and cell length and pH; were measured by video and epifluorescence microscopy. 5--HT contracted cells in a dose-dependent, reversible, and ketanserin-inhibitable manner. These cells, like cells grown in 10%Yo fetal calf serum, exhibited Na+-H+ and Na+-independent C--HCO3-exchange. In HCO3-buffer, 5-HT contracted cells without an associated change in pH1. We concluded the following: 1) 5-HT stimulated both Na+-H+ and Na+-independent Cl-HC103 exchange activities in cultured vascular smooth muscle cells in parallel. 2) As a result of enhanced H' and HCO3-efflux, pH; was not altered. 3) In the presence of HCO3-, 5-HT-induced contraction was not associated with a change in
HCO3-transport * 5-(N-ethyl-N-isopropyl)amiloride some cells, certain of these agonists increase pH ,12 whereas in others, the same agonists cause either no change in pH, or a decrease in pHi.12-17 Although these agents may stimulate Na+-H+ exchange activity, recent studies have reported that the same agents also stimulate Na+-independent Cl -HCO3-exchange activity.2"17 Since the latter transport system mediates HCO3-efflux,'1819 the combined effect of stimulating the activity of both transport systems may be that pHi does not increase and in fact may fall. Indeed, several recent studies performed with cultured vascular smooth muscle2 and mesangial cells17 have shown that selected contractile agonists increase pHi in the nominal absence of HCO3-but fail to do so in media that contain HCO, 3- The majority of previous studies that have examined pHi regulation in vascular smooth muscle and the vascular smooth muscle-like mesangial cell were performed with passaged cultured cells,1"2"12'14"17 '20-22 which usually have different phenotypic characteristics from cells in intact tissue. [23] [24] [25] [26] In fact, vascular smooth muscle cells under such culture conditions have usually lost their ability to contract. 23, 24 The present study was designed to test the hypothesis that serotonin (5-HT)-induced contraction in vascular smooth muscle is associated with intracellular alkalinization. We have previously shown that 5-HT induced contraction of primary cultured canine saphenous vein vascular smooth muscle cells27 and stimulated dimeth- ylamiloride-sensitive Na+ influx in primary cultured canine femoral artery vascular smooth muscle cells. 28 In the present study, we measured the effects of 5-HT on contraction and pH, in individual primary cultured canine femoral artery vascular smooth muscle cells and found that 5-HT contracted cells without changing pHi. Similarly, we also demonstrated that 5 -HT did not affect pH, in confluent monolayers of these cells. The data indicated that 5-HT simultaneously stimulated Na+-H+ and Na+-independent ClV-HCO3-exchange activities.
Materials and Methods Cell Culture
Adult mongrel dogs of either sex were killed with intravenous pentobarbital sodium, and the femoral arteries were dissected free. Primary cultures of vascular smooth muscle cells were prepared as previously described.2629 In brief, the media of the arteries were minced and incubated at 37°C in a solution containing elastase (type V, Sigma Chemical Co., St. Louis, Mo.) and collagenase (type I, Worthington Biochemical Corp., Freehold, N.J.). After 2 hours, the enzyme solution was discarded and replaced with fresh solution, and the tissue was incubated for an additional 2 hours. The dispersed cells were pelleted and suspended in Dulbecco's modified Eagle's medium (DMEM, GIBCO Laboratories, Grand Island, N.Y.) that contained 10% fetal calf serum (FCS, Cyclone), 1% glutamine, and 1% PS (10,000 units/ml penicillin, 10 mg/ml streptomycin, Sigma). To grow cells on coverslips, the cell suspension was adjusted to 1.7x 106 cells/ml, and 0.3 ml was placed on the surface of 1.5x22-mm plastic coverslips (Thermanox, Miles). To grow cells on the bottom of culture dishes, the suspension of dispersed cells was adjusted to 2x 105 cells/ml, and 1 ml was placed in 35-mm plastic dishes (Falcon) . The coverslips and dishes were placed in a humidified tissue culture incubator maintained at 37°C and equilibrated with 5% C02-95% air. After 48 hours and every 48 hours thereafter, the media were replaced with 1 ml fresh media. The cells reached confluence between the 10th and 15th day. The identity of the cultured cells as smooth muscle cells was confirmed, as previously described,26 by the "hill and valley" pattern of cell growth and by an actin-to-myosin 7.4 r heavy chain ratio characteristic of intact vascular smooth muscle.
Contraction Assay
Dispersed vascular smooth muscle cells from canine femoral artery were obtained by the enzyme digestion method described above. The cells were washed three times in Hanks' balanced salt solution (GIBCO) and suspended to a density of 2x 105 cells/ml in DMEM that contained 0.5% FCS, 1% glutamine, and 1% PS. One milliliter of this suspension was placed in 35-mm culture dishes on top of rat tail tendon collagen gels, which were prepared as follows. Sprague-Dawley rat tail tendons were sterilized in 70% ethanol for 4 hours, minced, and extracted with 0.1% acetic acid for 48 hours at 4°C. The protein concentration of the supernatant was adjusted to 0.15 mg/ml and titrated to pH 8.0 with NaOH at 4°C. One milliliter was placed in 35-mm culture dishes at room temperature. The gels formed within 20 minutes. The gels were incubated with DMEM overnight before seeding with dispersed vascular smooth muscle cells.
After seeding with cells, the dishes were incubated in the tissue culture incubator described above. After 48 hours and every 48 hours thereafter, the media were replaced with 1 ml of the same fresh media. After 5-8 days, the dishes were placed on the heated (37°C) stage of a Nikon Diaphot inverted-phase contrast microscope. The culture medium was replaced with a physiological salt solution (PSS) that contained (mM) NaCl 140, KCl 4, CaCl2 2, MgCl2 1, glucose 5, and HEPES-Tris 10, pH 7.4 (HEPES PSS). After 20 minutes, a field of at least 10 cells was photographed at x200 to obtain baseline images. The medium was replaced with the desired experimental solution, and at the indicated times, another photograph was taken of the same field. The lengths of the longest axes of 10 arbitrarily chosen cells were measured in the first photograph, and lengths of the same cells were measured in subsequent photographs. For each cell, the percent contraction from the baseline length was calculated, and these values were averaged for all 10 cells, as previously described.27 This average was taken as the response for that particular culture dish. (Figure 2 ), or 0.5 ,Ci 36C1-( Figure 3A ). In one experiment ( Figure 3B ), 36Cl-uptake was measured in the absence of HCO3-and Na+. The cells were depleted of HCO3-and Na+, and pHi was preset to 7.26 by preincubating them for 2 hours in HCO3--and Na+-free media containing 140 mM K', pH 7.26, plus 7 ,uM nigericin, a K'-H+ exchanger. Some of the cells in the experiment shown in Figure 3B were Cl--depleted by substituting gluconate-for Cl-in the preincubation media. 22Na4 and 36Cl-uptakes were terminated after 2 minutes, and the cells were washed by rapidly rinsing the dishes six times with 5.5 ml ice-cold 100 mM MgCl2. The cells were dissolved in 1 ml of 1 M NaOH. 22Na4 or 36Cl-content was measured by liquid scintillation spectroscopy, and protein was measured by the method of Lowry. In each experiment, the isotopic uptake solution was applied to cells and then removed [1] [2] polyethylene tube that ran on the opposite side of the coverslip from the excitation light and pumped solution at 3 ml/min from the top of the cuvette. The storage flasks of solutions were kept at 37°C, and in the case of HCO3-PSS, the fluid was vigorously bubbled with 5% C02-95% 02. Gas-impermeable tubing was used for flow to and from the peristaltic pump. The pump itself was enclosed in a plastic bag that was inflated with 5% C02-95% 02 to avoid diffusion of CO2 out of the silicone rubber tubing of the pump. The pH values of the perfused solutions in the cuvette were the same as in the storage flasks. Before the cells were exposed to pH-sensitive dye, they were excited at 450 nm, the light at 530 nm was monitored, and the intensity was blanked to zero units. The excitation beam was changed to 506 nm, and the emission signal at 530 nm was arbitrarily set to 150 units. This value was subtracted from all subsequent values obtained after cells had been loaded with dye to obtain fluorescence data from the dye itself without the contribution of autofluorescence from the cells or other components in the cuvette.
To load the cells with the pH-sensitive dye 2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF), the perfusion was stopped, and 10 ,uM of the permeable acetoxymethyl derivative, BCECF AM (Molecular Probes Inc., Eugene, Ore.) was added to the cuvette from a stock of 2 mM in dimethyl sulfoxide. The cells were preincubated for 30 minutes at 37°C without perfusion, and in the case of HCO3-PSS, the cuvette was gently bubbled with 5% C02-95% 02. Perfusion was restarted at 3 ml/min, and fluorescence was continuously monitored by activating at 506 nm and recording the emission at 530 nm with a strip-chart recorder. The excitation wavelength was changed to 450 nm every minute for 5 seconds, and the emission at 530 nm was recorded. pHi was determined by the fluorescence ratio was identified on the video monitor and centered in the field of view, and a variable aperture proximal to the photomultiplier tube was adjusted so that emissions from all other cells were excluded from the photomultiplier tube. Background intensity of emitted light (530 nm) on exposure to the two excitation wavelengths (500 and 448 nm) was stored in the computer. Cells were preincubated with 10 ,uM BCECF AM in HEPES PSS for 30 minutes at 37°C. The culture dish was then perfused with HCO3-PSS at 3 ml/min. The fluorescence measurements were serially obtained and stored by the computer, the background fluorescence was subtracted, and the 500/448 intensity ratio was calculated by the computer. The image of the cell was continuously recorded on videotape. The perfusion solution was changed to HCO3-PSS plus 10`M 5-HT once a stable fluorescence signal was obtained. As was the case for pH, measurements of cells grown on coverslips, pHi of the single cell was determined by the fluorescence ratio method. A fluorescence ratio-pHi calibration curve was obtained for the cell at the end of each experiment by use of the high potassium-nigericin technique as described above. The length of the longest axis of the cell was measured on the video monitor at selected times during the course of the experiment.
22NaCl (1, 598 The effect of the contractile agonist 5-HT on pH, of confluent monolayers in HEPES PSS is shown in Figure  1 To test directly whether 5-HT increased Na+-H+ exchange activity in these cells, the uptake of 140 mM 22Na' by confluent monolayers was assayed in HEPES PSS in the presence and absence of 10-5 M 5-HT. This experiment was performed with and without 50 ,uM EIPA in the uptake media. 5-HT stimulated Na+ uptake in the absence of EIPA (Figure 2A , left bars) but not in its presence (Figure 2A , middle bars). As shown in the right bars of Figure 2A , the EIPA-sensitive component of Na+ uptake, which represents Na+-H+ exchange activity, was stimulated sixfold by 5 -HT in HEPES PSS.
To determine whether Na+-H+ exchange activity in cells incubated in HCO3 PSS was also stimulated by 5-HT, we measured the effect of the agonist on 22Na' uptake by confluent monolayers in the presence and absence of 50 ,uM EIPA. As shown in the left and middle bars of Figure 2B , 10-5 M 5-HT caused a small stimulation of 22Na' uptake in the absence of EIPA but not in its presence. The EIPA-sensitive uptake of 22Na+, which represents Na+-H+ exchange activity, was stimulated threefold by 5-HT (right bars). The 5-HT-stimulated component of Na+-H+ exchange activity was smaller under these conditions than when cells were incubated with HEPES PSS (9.0±2.9 versus 30.8±4.3 nmol/mg protein for 2 minutes, p<0.05, n=4).
Na+-independent Cl--HCO3-exchange activity in HCO3-PSS was estimated by measuring the DIDSsensitive uptake of 36C1-. As shown in the left and middle bars of Figure 3A , 36C1 uptake in confluent monolayers bathed in HCO3-PSS was stimulated by 10-5 M 5-HT in the absence of 0.2 mM DIDS but not in its presence. As shown in the right bar, the DIDSsensitive uptake of 36C1-was stimulated threefold by 5-HT. These data suggest that in HCO3-PSS, Na+-independent Cl -HCO3-exchange activity was stimulated by 5-HT.
We have previously shown that in the nominal absence of Na+ and HCO3-, the Na+-independent Cl--HCO3-exchanger in these cells mediates DIDS-sensitive Cl-Cl-exchange. 31 To support the possibility that 5-HT stimulated the Na+-independent Cl--HCO3 exchanger, we tested whether 5-HT would stimulate Cl--Cl-exchange activity. The To determine whether the putative 5-HT-stimulated efflux of intracellular HCO3-from cells in confluent monolayers due to stimulated Na4-independent Cl-HCO3 exchange activity would offset the efflux of protons consequent to 5 -HT-stimulated Na+-H+ exchange activity, the effect of 5 -HT on pHi was measured in these cells bathed in HCO3 PSS. As shown in Figure   4 , basal pH, of confluent cells in HCO3 The primary confluent cultured vascular smooth muscle cells (grown in 10% FCS), which we used in the transport experiments shown in Figures 1-4 , come from the same source as the individual cells (maintained in 0.5% FCS), which we used in the contraction experiments shown in Figures 5-7 . Nevertheless, the two preparations could have important phenotypic differences. To determine whether the individual cells that were used in the contraction studies have acid-base transport characteristics similar to the primary confluent cultured cells, the following experiments were performed.
pHi of individual cells grown on rat tail tendon collagen gels in the presence of 0.5% FCS was monitored by measuring the fluorescence emission of BCECF. Figure 8 shows the pH, of a cell incubated in HEPES PSS. When 20 mM NH4' was added to the perfusion solution, cell pHi immediately rose and then slowly fell toward the resting value. When the NH4' perfusion solution was replaced by an NH4+-and Na+-free solution, pHi fell to and remained at an acidic value. When the perfusion solution was changed to one containing Na+, pHi rose back to the resting value.
When 50 ,uM EIPA was present in the latter solution, pH, remained at the acidic value (data not shown). The data in Figure 8 indicate that the cells used in the contraction assays mediate Na+-H+ exchange. pHi re- because of the nonionic diffusion of acetic acid into the cell. When acetate was removed from the perfusion solution, pH, acutely increased because of nonionic diffusion of acetic acid out of the cell but spontaneously decreased to the resting value. In three experiments, a second acetate prepulse was followed by an increase and then an immediate decrease in pHi, which equaled 94±14% and 103±12%, respectively, of the pHi changes obtained after the first acetate prepulse. In the experiment shown in Figure 9 , the second acetate prepulse was followed by perfusion with a Cl-free solution. The acute alkalinization following the second acetate prepulse was sustained in the absence of external Cl-. On perfusing the cell with control HCO3-PSS, pHi fell to the resting value. In three experiments identical to the one shown in Figure 9 , pHi fell by 0.20±0.03 after the solution was switched from Cl-free to control HCO3-PSS (p<0.05 versus no change in pHi). The data in Figure 9 show that external Cl-mediates base efflux from acutely alkalinized cells and indicate that the cells mediate Na+-independent Cl--HCO3-exchange activity. Similar results were obtained with primary cultured vascular smooth muscle cells from the same source grown to confluence in 10% FCS (compare Figure tions. [1] [2] [3] [4] In addition, other studies demonstrated that intracellular alkalinity, achieved artificially in the absence of conventional agonists, increased vascular smooth muscle tone.7 '10"11 In the present study, we have shown that 5-HT contracted individual vascular smooth muscle cells in HCO3-PSS without affecting pHi. The effect of 5-HT on contraction occurred in a dose-dependent, inhibitable, and reversible manner. Using confluent monolayers of these cells, we showed that 5-HT increased Na+-H+ exchange activity and pH, in the nominal absence of HCO3-. However, in the presence of media containing HCO3-, the data suggest that 5-HT stimulated both Na+-H+ and Na+-independent Cl--HCO3-exchange activities without affecting pHi. Taken together, the data in the present study demonstrate that in physiological media containing HCO3-, 5-HT induces contraction without an associated change in pHi.
The data also indicate that in HCO3--containing media, 5-HT stimulates Na+-H+ exchange activity, but the concomitant stimulation of Na+-independent Cl--HCO3-exchange activity prevents pHi from rising.
It needs to be emphasized that the vascular smooth muscle cells in the confluent monolayers, which were grown in the presence of 10% FCS and which we used in these studies to quantitate the basal and 5-HTstimulated activities of Na+-H+ and Na+-independent Cl -HC103 exchange activities, did not contract when exposed to 5-HT (authors' unpublished observations). We have previously reported that these cells have additional phenotypic differences from freshly dispersed vascular smooth muscle cells. 26, 29 In the present study, we have used these confluent cells as a model to understand the acid-base transport mechanisms operative in the contracting cells grown on collagen gels in the presence of 0.5% FCS.
It is noteworthy that 5-HT-stimulated Na+-H+ exchange activity was approximately three times greater in HEPES PSS than in HCO3-PSS in confluent cells. This may be related to the facts that resting pHi is higher in HCO3-PSS than in HEPES PSS (7.26 versus 7.10) and In the present studies, we estimated the activity of the Na+-independent ClV-HC03-exchanger by measuring the DIDS-sensitive component of 36Cl-uptake in HCO3-PSS. It should be pointed out that although this transport system is inhibited by DIDS,31 the Na+-dependent ClV-HC03-exchanger in these cells is also inhibited by this agent. 30 Thus, it is possible that a portion of DIDS-sensitive 36C1-uptake in HCO3-PSS is mediated by the latter transport system. Nevertheless, on the basis of results of the present study, we concluded that 5-HT stimulated the activity of the Na+-independent ClW-HCO3-exchanger. In support of this conclusion, we have also shown in the present study that DIDSsensitive Cl--Cl-exchange activity, which was measured in the nominal absence of HCO3-and Na+ and is mediated by the Na+-independent Cl--CO3-exchang- We think it is unlikely that the shortening process was due to loss of cell volume since 5-HT-stimulated increases in Na+-H+ and Na+-independent Cl--HCO3-exchange activities should cause net Na+ and Cl-influx. Cell swelling could theoretically simulate cell contraction by causing retraction of extended myoplasmic processes as the central part of the cell body fills with fluid. This scenario, however, could not explain the cell shortening observed in the present study since the photomicrographs shown in Figure 5 do not show ballooning of the cel! bodies after exposure to 5-HT. For these reasons, the cell shortening observed after exposure to 5-HT in the present study probably represents contraction under tension caused by actinmyosin filament interaction. -------------------------------------- -------------1------0 
